I. INTRODUCTION
Future satellite missions will employ ever more powerful sensors that produce higher and higher data volumes. The used data link has to supply the capacity that can cope with the ever increasing demands. Free-space optical communications are the technology that can meet the requirements. This paper treats the scenario of Low Earth Orbit (LEO) to ground links. The transmitter is an optical terminal installed on the LEO satellite. The receiver is a ground station at an arbitrary place, in the case of this study located near Munich, Germany. For an optimized design of transmitter and receiver, thorough knowledge of the communication channel is necessary. The current analysis treats the effect of atmospheric turbulence on the laser beam, in particular intensity scintillation. Various models do exist that describe and may predict behaviour of atmospheric turbulence and can be found in common literature, e.g. [1] [2] [3] . Turbulence effects in the LEO-ground scenario are described in particular in [4] . In the current paper, a preliminary analysis of scintillation measurements is presented that were derived from recorded pupil plane images. The receiver was the Optical Ground Station Oberpfaffenhofen near Munich, Germany. The measures of scintillation are the scintillation index and correlation width of the received intensity field. The measurements were undertaken in the framework of the KIODO (KIrari Optical Downlink to Oberpfaffenhofen) campaigns in 2006 and 2009. The laser terminal on board the OICETS (Optical Inter-orbit Communications Engineering Test Satellite) satellite acted as laser source [5] [6] . The motivation of this analysis is the future development of a channel model that bases on common theory of scintillation and direct scintillation measurements.
II. THEORY
The scintillation index of intensity fluctuations is defined as 
with I [W/m 2 ] being the intensity at the plane of observation which is usually the entrance pupil of the measurement system. For the LEO-ground scenario, it is assumed that the e.-m. wave is accurately modelled by a plane wave. In this case, the scintillation index for weak, moderate and strong fluctuations assuming a Kolmogorov turbulence spectrum is given by [ 
The Rytov index is equivalent to the scintillation index σ 
and
The deviation of scintillation index derived from the weak fluctuation model (σ I,wf 2 ), equation (3), and the strong fluctuation model, equation (2), comes clear in Fig. 1 . The point where the blue and the black curves start to deviate is considered to be the rise of saturation. The peak of scintillation is at about 15 to 20 deg with σ I 2 =1.2. Inner and outer scale effects are neglected in this calculation since a Kolmogorov spectrum is assumed. Therefore, the scintillation index in the saturation regime is expected to be underestimated here and actually higher in a real scenario. Table I . An illustration of the optical systems function is given in Fig. 2 . The signal is received and the beam compressed by an afocal system (40 cm Cassegrain telescope and collimator lens), split by several beam splitter cubes (BSCs) and distributed to the installed measurement devices. The device of interest here is the pupil camera which utilizes an additional imaging system, i.e. the presented analysis is based on a pupil plane imager. Each pixel of the camera can be seen as an array of point receivers with uniform separation (pixel pitch). The ex-aperture size of one pixel is determined by the pixel pitch and the magnification, resulting in a spatial sampling of 1.1 mm (KIODO 2006) and 0.5 mm (KIODO 2009). Since these sizes are much smaller than the typical size of the intensity correlation width, no aperture averaging takes place. The tracking camera is devoted to the optical tracking system of the ground station which guarantees link lock during the satellite pass. 
IV. ANALYSIS METHOD
Pre-processing of the images is performed involving two steps: First, invalid images are identified and filtered out by manual inspection and evaluation of signal quality to obtain the measurement images I meas (x,y). The variables x and y denote the image pixel indices in the two directions. Second, the camera offset is subtracted and a mask image M(x,y) and scaling image S(x,y) are created. The mask defines the area of interest of the exit pupil on the camera chip. Only the pixels within this mask are applied for the analysis. The scaling function contains the normalized long-term illumination of the pupil which is unity for all pixels within the mask in the ideal case. In the non-ideal case, this long-term illumination is inhomogeneous to some extent due to contamination of the optics and non-equal camera pixel gain. The scaling function is applied to compensate this effect. An example image of pupil illumination is given in Fig. 3 (left) . The speckle structure of intensity is clearly visible. Fig. 3 , right, shows the corresponding pupil area as identified by the masking algorithm. The actual processing covers calculation of the covariance function from which the scintillation index and the correlation width are derived. In the first step, the 2-dimensional covariance function of intensity is calculated for each image. Next, the 1-dimensional covariance function is obtained by circular averaging. This is possible under the assumption of homogeneity and isotropy of turbulence. Multiple samples of the function are averaged (40 samples are used in the current analysis) to obtain one representation of the intensity covariance function. Eventually, scintillation index and correlation width are derived. V. RESULTS Pupil images were recorded in seven experiments, all during night-time. Table 2 gives a list of the measurement dates, times, experiment designation and exposure time. The local time was Central European Summer Time (UTC + 2 h). The exposure time was always kept low enough to avoid time averaging of scintillation and high enough to achieve useful signal strength. However, the images of 2009 were noisy in some situations and thus, parts of the recording were discarded. The measurement results for scintillation index and correlation width for the individual experiments are given in and Fig. 5 . The weighted averages of scintillation index and correlation width are shown in Fig. 6 and Fig. 7 . The averages are created with an integral elevation grid thus smoothing the individual measurements. Fig. 9 contain the mean values of scintillation index and correlation width together with a model calculation. Both measurement curves match the theoretical curves fairly well. However, it must be noted that the number of measurements is rather limited and their spread is significant which suggests the need for more measurements, i.e. a larger data base. However, the scintillation index deviates in the focusing regime from the model predictions. Inner scale effects are likely to be the reason since these are not covered by the theoretical model. No significant deviation of the theoretical curve from the correlation width measurements can be observed. Just at the higher elevation, above 30 deg, the curves deviate. The reason here may be the rather low values of KT09-03 and KT09-08 (Fig. 7) which might be due to the particular atmospheric conditions.
VI. CONCLUSION
A preliminary analysis of recorded pupil images from satellite downlinks is presented. To some extent, the measurements agree well with the described theory, to some extent deviations are observed. The reasons might be non-ideal choice of the C n 2 -profile for modelling and/or insufficient description of the instantaneous turbulence effects by the used theoretical model. E.g. the compared model is only true for a Kolmogorov spectrum with its zero inner and infinite outer scale which can have reasonable influence on the scintillation index. For better understanding of the measurements and the channel behavior, the analysis is going to be extended and further measurements obtained. In particular, an optimal use of low pass filters to suppress camera noise and frame averaging must be investigated. Furthermore, the pupil camera will be 2015 4th International Workshop on Optical Wireless Communications (IWOW) used to emulate different aperture sizes to quantify aperture averaging in the LEO-downlink.
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